INTRODUCTION
In 1926, Paul de Kruif published Microbe Hunters (40a), a book that captured the imagination of generations of budding microbiologists. Subsequent contributions, including Microbe Hunters-Then and Now, by Koprowski and Oldstone (68a), have summarized advances and disease overviews possible to that time. However, recent increases in the rate of speed of pathogen discoveries call for us to take a deep breath and see where we are. This paper summarizes and compares methods now in use and suggests possible directions in which we might travel over the next few years, providing rationales and examples of discoveries. It is weighted more toward viruses than other microbes because this reflects the experience of the author; nonetheless, I have tried to emphasize issues generic to the field.
In 1967, U.S. Surgeon General William Stewart was reported to have said that given advances in antibiotics and vaccines, it was time to "close the book" on infectious diseases so as to free resources to focus on chronic illness (22) . There is no formal annotation of the remark, and Stewart himself disavowed any knowledge of making it. Nonetheless, the fact that this apocryphal quote survives suggests that at least some held similar views at the time. The fallacy of such misplaced optimism was amply illustrated in the years that followed, as a host of new plagues were discovered, for example, HIV/AIDS and bovine spongiform encephalopathy, as well as old ones in new clothing, such as antibiotic-resistant staphylococci, various mycobacteria, and Escherichia coli O157:H7. Perhaps more intriguing than these discoveries has been the recognition that the notion of infectious diseases as always being acute is too narrow. Microbes have been linked to a wide range of chronic illnesses, including ulcers, cancer, cardiovascular disease, and mental illness. Thus, rather than closing the book on infectious diseases, new chapters are being written.
DIVERSITY OF THE MICROBIAL UNIVERSE
Can we actually "know" the universe? My God, it's hard enough finding your way around in Chinatown.
-Woody Allen
The introduction of cultivation-independent methods for microbial discovery and surveillance has dramatically altered our view of the breadth and diversity of the microbial world. Not only can we now find and characterize disease agents for which we have no culture system, we can also more rapidly survey ourselves and the larger biosphere. These advances have enabled extraordinary revelations. One example is the extent to which humans represent microbial vessels. Whereas the number of cells of the human body has been estimated to be 10 14 , our bacterial passengers on internal and external surfaces number at least 10 15 (115) . Furthermore, up to 10% of our genomes comprise retroviral sequences (52) . 16S rRNA gene analyses of the oropharynx (1), esophagus (105) , stomach (11) , intestine and colon (43) , vagina (94) , and skin (49) indicate differences in human bacterial microflora by anatomical location, individual, and area of residence.
These analyses have also revealed that bacterial composition is dynamic. It varies over time and can be modified as a function of diet (including the use of probiotics), antibiotics (58) , hygiene, and, in the instance of intestinal microflora, surgical interventions such as bypass procedures (145) . The mouth alone has been shown to harbor more than 600 species of bacteria (102) . Recent improvements in throughput, reductions in costs, and investments in metagenomic sequencing will almost certainly drive this figure much higher. Environmental sampling has revealed bacteria and fungi that thrive in extreme temperatures and in the presence of radioactivity, organic compounds, and heavy metals not tolerated by higher organisms (40, 91, 111) .
Unlike bacteria, viruses do not comprise regions of sequence conservation that enable surveillance and discovery by a method analogous to 16S rRNA gene PCR. Thus, with a few notable exceptions in which agents have been shown to be present because investigators invested in more complex analyses (e.g., subtractive cloning [76] or consensus PCR [cPCR] using sequences of related agents) based on clues from immunohistochemistry (90) , studies of viral diversity have come into their own only more recently with the introduction of highthroughput sequencing. Even here, however, we are limited by our capacity to recognize similarities between what we observe for a sample and what is present in a database. We have only begun to scratch the surface of virus discovery. Figure 1 illustrates this point by tracking the annual growth since 1982 of the viral sequence database vis-à-vis selected seminal discoveries and improvements in sequencing technology. The number of vertebrate species is estimated to be Ͼ50,000 (P. Daszak, personal communication). If each one is associated with only 20 endemic viruses, the vertebrate virome would exceed 1 million. Viruses are present in concentrations as high as 10 10 particles per 100 ml in superficial coastal waters and are estimated to comprise 1 to 10% of the total prokaryotic biomass (approximately 200 megatons of carbon). The extent to which these viruses pose threats to human health remains to be determined. Most are phages; nonetheless, the sheer mass and diversity are staggering. In addition to serving as potential reservoirs for the emergence of novel pathogens, these viruses may serve a critical function in global as well as marine ecosystems by controlling prokaryote multiplication (124) .
PROOF OF CAUSATION
Finding an organism in association with disease is only the first step in establishing a causal relationship (Fig. 2) . Pasteur, Koch, and Loeffler proposed precise criteria that define a causative relationship between agent and disease. In what are now known as Koch's postulates, these criteria require that an agent be present in every case of the disease, be specific for that disease, and be propagated in culture and proven capable of replicating the original disease upon inoculation into a naïve host (68) . Rivers modified these criteria for specific application to viruses (110) , focusing on the presence of neutralizing antibodies as evidence of specificity. Fredericks and Relman adapted them to reflect the introduction of PCR, requiring the presence of microbial sequences rather than an intact, infectious microorganism (47) ( Table 1) . Although the original Koch's postulates remain the most compelling criteria for proving causation, there are many examples, such as HIV/ AIDS, where there is a clear consensus of a causal relationship despite a failure to fulfill them due to ethical or biological constraints. For a detailed history of proof of causation that remains timely despite its publication more than 3 decades ago, the reader is referred to an excellent review by Evans (45) .
Signs and symptoms are rarely pathognomonic of infection with a specific agent. One cannot, for example, differentiate among the many potential causes of encephalitis using clinical criteria alone. Additionally, the manifestations of infection may vary with genetic susceptibility (e.g., herpes simplex virus encephalitis in human UNC-93B deficiency [29] ), age (West Nile virus [WNV] encephalitis [89] ), nutrition, previous exposure of the host to similar agents that confer partial protection or exacerbate disease (e.g., dengue hemorrhagic fever [53] ), or coinfections that lead to increased pathogenicity (e.g., measles or HIV and opportunistic infections [78] ). Infectious agents may also have effects that are difficult to appreciate because of a temporal delay (birth defects [23, 32] or neoplasia [147] ), action at a distance from the site of infection mediated by toxins (botulism [119] or tetanus [95] ), or autoimmune responses (rheumatologic disorders or GuillainBarré syndrome [2] ).
As an ideal, implication of an infectious agent can be viewed as a four-step process.
Step Step 2. Provide a plausible mechanism for an explanation of disease
• Demonstrate the presence of the agent, a gene product of the agent (e.g., a toxin), or a host product attributable to infection (e.g., a cross-reactive antibody or cytotoxic T cell) at site(s) of pathology • Demonstrate that the same or a similar agent can induce disease in a model system
Step 3. Demonstrate that modulation of the agent concentration, or of a factor that can be attributed to the presence of the agent (e.g., an antibody), influences the presence or severity of disease
Step
Demonstrate that preventing infection prevents disease
However, as it is unlikely that many candidates would complete this gauntlet in a time frame relevant to clinical medicine or public health, I prefer to think in terms of levels of confidence in establishing a link between candidate and disease wherein evidence is scored as possible, probable, or definitive. Early in the course of a pathogen discovery project, a candidate will almost certainly be scored as possibly causal. As evidence accumulates and confidence increases, legitimate candidates will shift categories through probable to definitive.
Possible Causal Relationship
In a possible causal relationship, a disease is statistically associated with the presence of an agent or its molecular or serological footprints and with signs and symptoms reminiscent of disease caused by a related agent in the same host or in a model organism. Many important discoveries begin with a statistically significant observation. However, confidence that an observation represents more than a simple marker for disease is greatly enhanced if there is precedent to indicate biological plausibility for a causal relationship.
Probable Causal Relationship
These are instances where one can actively test the hypothesis that a particular disease is due to infection with an agent through use of strategies designed to ameliorate or prevent infection. Interventional evidence. Interventional evidence shows that the implementation of a drug is specific for an agent associated with disease and aborts the disease process. Staged strategy for pathogen discovery and proof of causation. In the molecular era of pathogen discovery, culture and molecular methods are pursued in parallel until an agent is detected, isolated, and characterized. ϩ, positive result; Ϫ, negative result. ssRNA, single-stranded RNA; dsRNA, double-stranded RNA. has activity against a wide range of RNA viruses, including arenaviruses, bunyaviruses, orthomyxoviruses, paramyxoviruses, picornaviruses, and reoviruses (36, 44, 104, 122, 126, 142) . Reports that amantadine, an agent with well-documented activity against orthomyxoviruses (39), inhibited Borna disease virus (BDV) replication while improving clinical status were used as evidence that BDV caused unipolar depression (13) . However, the effects of amantadine on BDV replication could not be replicated (37) , and the antidepressant properties of amantadine likely reflected its promotion of dopamine release (51) . Thus, with the exception of interventions that target specific nucleic acid sequences or epitopes (e.g., RNA interference [RNAi] or monoclonal antibodies), it may be difficult to ensure the specificity of an intervention.
Prophylactic evidence. Prophylactic evidence shows that the application of a vaccine or a drug that is specific for an agent associated with disease prevents the disease. Sequences of human papillomaviruses (HPVs) can be identified in close to 100% of cervical cancers (147) . However, many women may be infected with HPV and never develop cervical cancer. Thus, while the epidemiological evidence supports a statistically significant association, the presence of HPV sequences alone cannot predict cervical cancer. One explanation for this phenomenon is that some viral strains may have a higher propensity to cause disease than do others. In fact, some strains are more highly correlated with cancer; however, even where one considers only those strains that are more prevalent in cervical cancer, HPV is not the sole determinant of disease. The most compelling evidence of causation came with international longitudinal studies of more than 17,000 women without previous infection with HPV-16 or -18 who were immunized and protected from high-grade cervical neoplasia (14) . Another example is HIV/AIDS. The strong statistical association between HIV and AIDS and the development of simian models for disease using a related lentivirus provided compelling evidence of a causal relationship. The argument was further buttressed by the observation that specific antiretroviral therapy prevents both HIV infection and AIDS after occupational or gestational exposure.
(i) Challenges. Diseases that have low incidence rates or are postulated to reflect late sequelae of infection may require large multisite studies and several years to attain statistical significance.
Definitive Causal Relationship
These are instances wherein one can fulfill Koch's postulates or variants thereof: (i) an agent isolated from a host with a disease and propagated in culture causes the same disease when introduced into a similar host, and (ii) an agent found to be associated with a disease using molecular, serological, or other methods and, through genetic engineering, recreated as an infectious entity causes the same or a similar disease when introduced into a similar host.
(i) Challenges. In the most straightforward examples, the agent or its footprints will be found at a high concentration in the affected tissue at the time when disease is manifest, and the host range will be sufficiently broad to facilitate testing in a tractable animal model within the same subphylum (e.g., Vertebrata) or class (e.g., Mammalia). However, more stringent phylogenetic restrictions may apply, such as order (e.g., primates) or family (e.g., Hominidae). Modifying factors, such as age, genetic background, immune status, or coinfection, may also confound modeling efforts, particularly for those regarding viruses causing persistent infections.
ISOLATION OR VISUALIZATION OF INFECTIOUS AGENTS
Microbe hunters employ a wide range of media and tissue culture systems, including complex organotypic cultures (16, 84, 123, 146) , to isolate and grow prokaryotic and eukaryotic organisms. When these efforts fail, alternative strategies may include inoculation of immature or genetically modified higher organisms that possess innate immune responses that are inefficient or disabled (e.g., newborn [15] and knockout [50] mice) or transgenes that are introduced to express products essential to the entry or replication of viruses (80, 108) or prions (118) . The choice of an in vitro versus an in vivo strategy for the isolation of infectious agents can have a profound impact on what one can find. For example, whereas the surveillance of human stool for enteroviruses by the inoculation of suckling mice favors detection of human enterovirus type A, tissue culture favors the detection of human enterovirus type B (140) . If the sequence of the pathogen candidate is known, genomic reconstruction can circumvent the need to isolate it as a viable organism (56) . This approach has enabled a new field of archaeovirology wherein infectious retroviruses have been built from endogenous retroviral sequences (77) , and the 1918 pandemic influenza strain was rebuilt and analyzed for pathogenetic properties (127) . When an agent cannot be propagated by any of these methods, one may nonetheless find evidence of its presence by imaging it morphologically via light or electron microscopy or imaging its proteins or nucleic acids through immunohistochemistry or in situ hybridization, respectively. In some instances a candidate agent is sufficiently similar to known ones such that available antibodies to the latter are cross-reactive with the former. Indeed, immunohistochemistry has been used not only to confirm the presence of an agent or determine its anatomic distribution but also as a clue to its identity. Prominent examples include Sin Nombre virus (35) , Nipah virus (103) , and West Nile virus (19) , for which the screening of tissues from victims of unrecognized infectious diseases with broadly reactive sera led investigators to focus on candidate viral families by consensus PCR.
COMPLEXITIES OF PATHOGENETIC MECHANISMS MAY CONFOUND DISCOVERY AND IMPLICATION OF MICROBES IN DISEASE
In the most straightforward pathogen discovery expeditions, an agent is present in high concentrations at a site where pathology is readily apparent and organ dysfunction is dramatic. Classical examples include infections with polioviruses and motor neuron disease, an influenza virus or Streptococcus pneumoniae and acute respiratory disease, and a rotavirus or Shigella sp. and diarrhea. Viruses may kill cells directly through intracellular replication and lysis, the induction of apoptosis, or autophagy. They may also do so indirectly, by presenting antigens that are recognized by cytotoxic T lymphocytes or that become bound to antibodies and trigger the activation of the VOL. 74, 2010 MICROBE HUNTING 367 classical complement cascade. Causal links may be more difficult to establish when damage is indirect, particularly when effects are manifest at sites other than the replication site. Clostridium botulinum and Clostridium tetani bacteria, for example, grow in the skin or the gastrointestinal tract and release zinc metalloproteases that have distal effects on motor function by modulating neurotransmitter release (botulism [119] and tetanus [24] ). Another example is Sin Nombre virus, a hantavirus that induces the expression of cytokines that in turn promote pulmonary capillary leakage, culminating in an acute respiratory distress syndrome (86) . Microbes can elicit immune responses that break tolerance to self, resulting in autoimmune disease. A well-known example is group A beta-hemolytic streptococcus (GABHS). GABHS infection of the oropharynx may cause local inflammation or be asymptomatic. In either case, infection in susceptible individuals elicits a humoral immune response that can cause both cardiac valvular damage (rheumatic heart disease) and abnormalities in movement and behavior (Sydenham's chorea) (106) .
Another example is Campylobacter jejuni and Guillain-Barré syndrome (GBS). GBS is an acute demyelinating neuropathy treated by plasmapheresis or the administration of intravenous immunoglobulin (26) . More than 25% of individuals with GBS are infected with C. jejuni. Of those, up to 70% report a history of diarrheal illness consistent with C. jejuni infection (2). C. jejuni elicits an immune response that cross-reacts with the ganglioside GM1 in host neural tissue (144) .
Infection with one organism may increase vulnerability to others. HIV/AIDS is an extreme form of this phenomenon, in which immunosuppression sets the stage for opportunistic infection with Toxoplasma gondii, Pneumocystis jirovecii, human herpesvirus 8, or Cryptococcus neoformans. HIV is not unique (or even the first example) in this respect. Indeed, in 1908 Von Pirquet reported that measles was associated with a loss of delayed-type hypersensitivity to tuberculin antigen and suggested that impaired immunity might explain the dissemination of tuberculosis in individuals with measles (132) .
Infection may also facilitate local invasion. S. pneumoniae invasion in influenza, for example, is linked to damage to respiratory tract epithelium and is correlated with the sialidase activity of influenza virus neuraminidase (81) . Infections may have long-term as well as acute effects. Viruses can express gene products (oncoproteins) that impair cell cycle regulation (139) or integrate into the host genome (147) to promote neoplasia. Inflammation associated with persistent bacterial, parasitic, or viral infection has also been implicated in cancer (79) .
During vulnerable periods of embryogenesis, any of a variety of agents may cause similar types of structural damage to the central nervous or cardiovascular system, damage that continues long after the infection has cleared. In TORCH syndrome, for example, neurological effects of prenatal infection with T. gondii, rubella virus, cytomegalovirus, or herpes simplex virus cannot be distinguished by clinical criteria. In some animal models of autism, schizophrenia, and attention deficit hyperactivity disorder, the neurological effects of prenatal infection with RNA viruses and Gram-negative bacteria can be recreated by using the double-stranded RNA virus mimic, polyinosine/cytosine (41), and lipopolysaccharide (27) , respectively.
It is unknown whether sequelae in these examples are mediated by the loss of somatic or stem cells (or both), by altered signaling that impedes the trafficking of cells to their appropriate destinations, or by another mechanism. Therefore, it may be that any heuristic is perhaps too stringent if it requires an exclusive relationship between a pathogen and a specific outcome.
MICROBIAL PROSPECTING
Microbial prospecting takes several forms. Research centers such as ours frequently receive requests to investigate outbreaks of acute diseases in human or animal populations for which a cause is not immediately apparent. These projects may be technically challenging; however, achieving possible proof of causation can be straightforward. In such instances the agent itself or associated nucleic acids or proteins are frequently present in several affected individuals, providing the statistical power needed to establish an association between an agent and a disease. An additional advantage is that epidemiologists deployed to areas of outbreaks of infectious diseases are experts in methods for investigating causality; thus, even before laboratories focused on discovery become engaged, it is likely that biologically plausible models for pathogenesis are already in place, appropriate samples for culture and molecular characterization have been collected, and efforts have been initiated to collect acute-phase and convalescent-phase serum samples needed to test for adaptive immune responses to candidate agents.
We are more circumspect with respect to requests to address single cases of acute disease. In many instances we find a known agent that was simply missed because the appropriate conventional assays were not employed. This can be a source of embarrassment for others and difficult to report. In other instances when we find a new agent, it can be difficult to rule out a chance association. Notable exceptions include the detection of agents related to those classically associated with the syndrome observed, for example, a new filovirus in an individual with hemorrhagic fever or meningitis in which the presence of any agent in the cerebrospinal fluid (CSF) is cause for concern. Nonetheless, unless discovery efforts have the potential to alter clinical management, single-case investigations can be disappointing, expensive, and time-consuming investments. Chronic diseases can also be difficult but for different reasons. Many have already been extensively investigated; thus, agents present at sites of pathology are likely to have been found. Additionally, pathogenetic mechanisms are typically more complex than those in acute diseases. Hence, triggers of disease may no longer be present in affected tissues, or the effects may reflect infection at sites other than those where manifestations of disease are observed.
PATHOGEN DE-DISCOVERY
Although finding a causal relationship between an agent and disease is more gratifying than disproving it, the latter is no less critical to the process of pathogen discovery. Pathogen dediscovery is particularly challenging because the failure to detect a relationship may reflect differences in the site(s) or timing of sample collection, methods for sample processing or (137), and autism (61), the process of bringing a refutation study to publication takes 1 to 2 years, with much of that time being devoted to finding an editor who can be persuaded of the value of the enterprise. An additional wrinkle is that unlike pathogen discoveries, which open new avenues for basic and translational research, dediscoveries foreclose opportunities. They rarely culminate in more than one publication or in support for additional exploratory work; thus, it is difficult to persuade investigators to undertake them. Nonetheless, doing so is a community service given that results can influence the allocation of resources, preserve the reputation of the field, and, in some instances, prevent the inappropriate or unnecessary use of drugs that are toxic or in short supply.
There are three objectives in pursuing de-discovery projects. The first is to test, rigorously and objectively, a candidate hypothesis; the second is to persuade one's peers that the first objective has been achieved; the third is to persuade an educated lay audience that you and your scientific peers have considered the hypothesis in a fair and balanced fashion. Many scientists fail in impact because they consider only themselves and their peers in the study design. Over the course of many validation/invalidation projects, we have developed the following guidelines for study design.
1. At the outset, engage other scientists, including those responsible for the original findings, as well as representatives of professional, funding, and advocacy organizations. Ensure that key partners agree on study design as well as plans for monitoring of progress, release of results, and conflict resolution. 2. Collect samples (under code at a location not affiliated with the laboratory sites) from subjects who meet strict case definitions accepted by key partners. When appropriate to obviate the risk of geographic or temporal bias, use samples collected from different regions and in different seasons and different populations. 3. Establish concordance across laboratories for sensitivity and specificity using positive and negative controls. For PCR assays, we insert non-wild-type sequences into positive-control template constructs to differentiate bona fide versus control products. 4. Prepare several aliquots for each sample using a minimum of two codes. This enables blinded duplicate assays and facilitates blinded reassessments in the event that results of assays are discordant within or between laboratories. 5. Distribute duplicate, differently coded aliquots of positive and negative controls and samples. To facilitate interlaboratory comparisons, we typically send replicates of multiwell plates wherein each control or sample is placed into two nonadjacent wells.
6. Report results to a central biostatistics core for an assessment of intra-and interlaboratory consistency. As needed to achieve intralaboratory consistency, assays should be done with coded specimens. 7. Release results simultaneously to key partners.
Challenges. Some key partners may suggest that it is easier to independently test samples previously found to be positive than to invest in a new sample collection. This path should be discouraged because it does not address issues of diagnostic stability, geographic or temporal bias, or sample contamination. Some key partners may differ with respect to assay design. Where resources are not limiting, it is best to employ assay formats proposed by all key investigators. However, in the event that this is not feasible, it is important to appreciate that the critical laboratory is the one in which the finding originated. This laboratory may have the most sensitive assay. It also typically has the confidence of the advocacy community. In my experience, spurious results most commonly arise not from failure in technical expertise but rather from the selection of inappropriate cases and controls or from sample contamination. At the end of the day, the success of such endeavors depends not only on the quality of the science but also on the extent to which participants can be engaged and encouraged to maintain open minds with respect to processes and outcomes.
MOLECULAR METHODS FOR PATHOGEN DISCOVERY

Singleplex Assays
The most common singleplex assays employed in clinical microbiology and microbial surveillance are PCR assays, wherein DNA strand replication results in either the cleavage or release of a fluorescence-labeled oligonucleotide probe bound to a sequence between the forward and reverse primers. Equipment needs are simple (thermal cycler, fluorescent reader, and laptop computer), and rugged instruments have been implemented for field use with battery power. Loopmediated isothermal amplification (LAMP) does not require programmable thermal cyclers (54, 93, 120) . In laboratory settings, LAMP products are detected in ethidium bromidestained agarose gels. However, in the field, changes in the turbidity of the amplification solution may be sufficient; assays in which the accumulation of product can be detected by eye have been described (63) . The most sensitive assays are those wherein primers and/or probes perfectly match a single genetic target. Fluorescence reporter-based TaqMan or molecular beacon singleplex PCR assays, for example, typically have detection thresholds of Ͻ10 RNA molecules. Although ideal for detecting the presence of a specific agent and for quantitating burden (57, 128) , these assays may nonetheless fail with RNA viruses characterized by high mutation rates and genetic variability. Consensus PCR assays are less likely to be confounded by sequence divergence but are less sensitive than specific PCR assays. Furthermore, given that many potential pathogens can overlap in clinical presentation, unless one has the sample mass, resources, and time to invest in many singleplex assays for different agents, there is the risk that a spurious candidate or candidates will be selected. 16S rRNA gene assays have been particularly powerful tools in bacteriology with such seminal contributions as the discovery of Tropheryma whippeli VOL. 74, 2010 MICROBE HUNTING 369 (107); they have become more powerful yet, with the introduction of sequencing technologies that enable the description of microbial communities. Nested PCR, in which two amplification reactions are pursued sequentially with either one (heminested) or two (fully nested) primers located 3Ј with respect to the original primer set, may be more sensitive than fluorescent reporter dye singleplex assays. However, because the original reaction vessels must be opened to add reagents for the second, nested reaction (28, 125) , the risk for contamination is high, even in laboratories with scrupulous experimental hygiene.
Multiplex Assays
Signs and symptoms of disease are rarely pathognomonic of a single agent, particularly early in the course of an illness. Multiplex assays may be helpful in such situations because they may be used to entertain many hypotheses simultaneously. The number of candidates considered ranges from 10 to 100 with multiplex PCR, to thousands with microarrays, to the entire tree of life with unbiased high-throughput sequencing. In multiplex assays many genetic targets compete for assay components (e.g., nucleotides, polymerases, and dyes), in some instances with variable efficiencies. Thus, multiplex assays tend to be less sensitive than singleplex assays.
Multiplex PCR Assays
Multiplex PCR assays are more difficult to establish because primer sets may differ in optimal reaction conditions (e.g., annealing temperature and magnesium concentration). Furthermore, complex primer mixtures are more likely to result in primer-primer interactions that reduce the assay sensitivity and/or specificity. To enable multiplex primer design, we developed Greene SCPrimer, a software program that automates consensus primer design over a multiple-sequence alignment and allows users to specify the primer length, melting temperature, and degree of degeneracy (62) .
Gel-based multiplex PCR assays, wherein products are distinguished by mass, can detect as many as 10 distinct targets (28, 125) . Fluorescence reporter-based multiplex assays are more sensitive but are limited by the number of fluorescent emission peaks that can be unequivocally separated. At present, up to four fluorescent reporter dyes are detected simultaneously. "Sloppy molecular beacons" can address this limitation in part by binding to related targets at different melting temperatures (114); however, they cannot detect targets that differ by more than a few nucleotides, and thus, their applications are limited.
Two platforms that combine PCR and mass spectroscopy (MS) for the sensitive, simultaneous detection of several targets have been established. The Ibis T5000 biosensor system uses matrix-assisted laser desorption-ionization (MALDI) MS to directly measure the molecular weights of PCR products obtained in an experimental sample and to compare them with a database of known or predicted product weights (59, 113, 131) . MassTag PCR uses atmospheric pressure chemical ionization (APCI) MS to detect molecular weight reporter tags attached to PCR primers (20, 97) . Whereas the Ibis system is confined to specialized laboratories, MassTag PCR can be performed by using smaller, less expensive instruments and does not require sophisticated operators. The Ibis system has an advantage in that it can detect novel variants of known organisms via a divergent product weight; nonetheless, like MassTag PCR, it too requires sequencing for a detailed characterization. Syndrome-specific MassTag PCR panels have been established for the detection of viruses, bacteria, fungi, and parasites associated with acute respiratory diseases, diarrheas, encephalitides/meningitides, and hemorrhagic fevers (20, 69, 97) .
The Bio-Plex (also known as Luminex) platform employs flow cytometry to detect PCR amplification products bound to matching oligonucleotides on fluorescent beads (25, 55, 73) . Assay panels that allow the detection of up to 50 genetic targets simultaneously have been developed.
Although multiplex PCR methods are designed to detect known agents, they can nonetheless facilitate pathogen discovery. The use of MassTag PCR to investigate influenza-like illness in New York State revealed the presence of a novel rhinovirus clade. This discovery enabled follow-up studies across the globe wherein this novel genetic clade was implicated not only in influenza-like illnesses but also in asthma, pediatric pneumonia, and otitis media (3, 12, 21, 42, 65, 66, 71, 72, 82, 83, 85, 109, 116, 143) .
Microarrays
Microarray technology runs the gamut from assays that comprise hundreds to those comprising millions of probes. Probes can be designed to discriminate differences in sequence that allow virus speciation or to detect thousands of agents across the tree of life. An example of the former application is respiratory virus resequencing arrays, where specific genetic targets are amplified by multiplex consensus PCR, and the resultant products are hybridized to oligonucleotide probes less than 25 nucleotides (nt) in length (33, 34, 74, 141) . These arrays are easily implemented when one considers only a limited number of known agents. However, because the signal is dependent on precise complementarity between probes and their genetic targets, these arrays are not ideal for pathogen discovery. In contrast, arrays comprising longer probes (e.g., Ͼ60 nt) are more tolerant of sequence mismatches and may detect agents that have only modest similarity to those already known.
Two longer probe array platforms are in common use: the GreeneChip and the Virochip (101, 138) . Although they differ in design, both employ random amplification strategies to allow an unbiased detection of microbial targets. This is critical to exploiting the broad probe repertoire of these arrays; nonetheless, because host and microbe sequences are amplified with similar efficiencies, the sensitivity for microbial detection in tissues is lower than that for multiplex consensus PCR methods employed with resequencing arrays. Host DNA can be eliminated by enzymatic digestion; however, host rRNA remains a major confounder. Thus, these platforms have been most successful with acellular template sources, such as virus cell culture supernatant, serum, plasma, cerebrospinal fluid, or urine. Methods for depleting host rRNA prior to amplification through subtraction or the use of random primers selected for the lack of complementarity to rRNA have been described (4) . Whether these interventions will sufficiently enhance sensitiv- ity to enable pathogen discovery in tissues remains to be determined. At present, hybridization to probes representing pathogen targets is detected by binding of fluorescent label; however, platforms that will detect hybridization as changes in electrical conductance are in development. These platforms may enhance both ease of use and sensitivity. During a Marburg virus outbreak, the GreeneChip array, a panmicrobial array, implicated Plasmodium falciparum in a fatal case of hemorrhagic fever that was not resolved by using standard diagnostic methods (101); a variant of the GreeneChip array recently facilitated the discovery of Ebola virus Reston in a porcine respiratory illness outbreak in the Philippines (9) . The Virochip was employed in the characterization of the severe acute respiratory syndrome (SARS) coronavirus in 2003 (138) .
Unbiased High-Throughput Sequencing
The power of unbiased high-throughput sequencing has enabled unique advances in microbial surveillance and discovery. Applications include metagenomic characterization of environmental and clinical samples, rapid and comprehensive sequence analysis of microbial strains and isolates, and pathogen discovery. Unlike cPCR or array methods, whereby investigators are limited by known sequence information and must choose the pathogens to be considered in an experiment, highthroughput sequencing can be unbiased and allow an opportunity to inventory the entire tree of life. We have chiefly used the 454 Life Sciences pyrosequencing system; however, applications and principles for sample preparation and data analysis are similar across platforms. Although we have employed primers designed to amplify phyla (e.g., for 16S rRNA gene analyses of gastrointestinal flora) or specific viruses (e.g., for characterizations of influenza or dengue virus isolates), we more commonly focus on pathogen discovery. As in microarray applications based on unbiased PCR amplification strategies, host nucleic acid can be a critical impediment to sensitivity. The same caveats and potential solutions also apply. After amplification and sequencing, raw sequence reads are clustered into nonredundant sequence sets. Unique sequence reads are assembled into contiguous sequences, which are then compared to databases using programs that examine homology at the nucleotide and amino acid levels using all six potential reading frames (98) . A truly novel pathogen might elude this level of analysis. Thus, we and others are exploring ways in which insights into the identity of agents may be determined by features such as nucleotide composition or predicted secondary or tertiary structures.
VIGNETTES IN PATHOGEN DISCOVERY Molecular Characterization of Borna Disease Virus, a Novel Neurotropic Virus
In 1985, Rott and colleagues reported serological evidence that patients with bipolar disorder were infected with Borna disease virus (BDV) (112) . At that time, BDV was simply an unclassified, filterable agent. Named after the town of Borna in Saxony (Eastern Germany), where a prominent outbreak of encephalitis in horses crippled the Prussian cavalry (75) , BDV has been shown to induce behavioral disturbances vaguely reminiscent of bipolar disorder in a Lewis rat model (18) . Intrigued by both the concept that an infectious process might be implicated in a neuropsychiatric disease and the fact that established methods for virus isolation had failed, we began to pursue characterization using molecular tools. Through the use of the phenol emulsion reassociation technique, BDV nucleic acids were isolated by subtractive hybridization. This effort, the first successful application of purely genetic methods in pathogen discovery (76) , relied upon cDNA cloning with home-brew kits, as it preceded the advent of PCR and ready access to DNA sequencing technologies.
The relationship between candidate nucleic acids and disease was achieved by demonstrating that (i) candidate cDNAs competed with RNA extracted from brains of infected rats for the transcription and translation of a protein present in brains of rats and horses with Borna disease (hybrid arrest experiments), (ii) the distribution of candidate nucleic acids correlated with pathology in brains of experimentally infected rats and naturally infected horses (in situ hybridization), and (iii) no signal was obtained in Southern hybridization experiments wherein normal brain was probed with candidate clones (76) . Based on Northern hybridization experiments with strand-specific probes, the genome was variously reported as an 8.5-kb negative-polarity RNA (76) or an 11-kb positive-polarity RNA (130) . Over the next 5 years, the genome was cloned, and the virus was visualized and classified as the prototype of a new family of nonsegmented, negative-strand RNA viruses with unusual properties: nuclear replication/transcription, posttranscriptional modification of selected mRNA species by splicing, low-level productivity, broad host range, neurotropism, and capacity for persistence (117) .
It was widely held that the introduction of specific reagents for BDV, such as recombinant proteins, antibodies, primers, and probes, would allow the rapid assessment of the role of BDV in human disease. However, in a classical example of the pitfalls of PCR diagnostics, particularly using nesting methods, BDV was implicated in a wide variety of disorders that included major depressive disorder, bipolar disorder, schizophrenia, chronic fatigue syndrome (CFS), AIDS encephalopathy, multiple sclerosis, motor neuron disease, and brain tumors (glioblastoma multiforme) (75) . Following a report of BDV RNA in the blood of more than 50% of CFS subjects, which raised concerns for blood product safety (87, 88), we were recruited to pursue a replication study. We found no BDV nucleic acid or specific immunoreactivity in a blinded analysis of well-characterized CFS subjects. At the time of this writing, there is no conclusive evidence that BDV infects humans. However, new highly divergent strains of BDV were recently identified in birds by microarray (67) and pyrosequencing (60), strains that would not have been detected using PCR assays designed to detect viruses previously described for ungulates. Thus, it is conceivable that there are human strains yet to be found. It is worth noting that the 2 years of subtractive cloning required to identify BDV in the late 1980s was collapsed into 2 weeks with the pyrosequencing of avian isolates. However, all strains of BDV found in mammals and birds to date are so divergent from other viruses that they would not be identified by cPCR, microarray, or pyrosequencing without prior knowledge of the genus Bornavirus.
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West Nile Virus in North America
In the summer of 1999, health officials in New York City reported an outbreak of encephalitis accompanied by profound motor weakness (http://www.nyc.gov/html/doh/html/cd /cdsten2.shtml). This outbreak was not detected because of an increase in the frequency of encephalitis in the greater metropolitan area but because Deborah Asnis, an infectious diseases physician at Flushing Hospital Medical Center, and Marcelle Layton, Assistant Commissioner, Communicable Disease Program, New York City Department of Health, appreciated the appearance of a distinctive clinical syndrome. Their critical role in the recognition of the outbreak underscores the unheralded importance of clinicians and public health practitioners in the process of pathogen discovery.
Investigation by serology led to an announcement of a St. Louis encephalitis virus (SLEV) outbreak (8) . Investigation of the outbreak epicenter revealed sites of active mosquito breeding, and early victims of the outbreak had histories consistent with mosquito exposure. Concurrently, large numbers of crows began dying in the greater metropolitan area. There were also several deaths of exotic birds in the Bronx Zoo. Tracy McNamara, a veterinary pathologist at the Wildlife Conservation Society (located at the Bronx Zoo), performed a histological analysis of crows and flamingos and found meningoencephalitis, gross hemorrhage of the brain, splenomegaly, and myocarditis (121) . When McNamara was unable to persuade her colleagues in human infectious disease surveillance to review materials, she forwarded tissue samples from diseased birds to the U.S. Department of Agriculture (USDA) National Veterinary Service Laboratory in Ames, IA, where the virus was cultured, and electron micrographs showed consistence with the presence of either a togavirus or a flavivirus. Thereafter, the avian virus was forwarded from the USDA to the CDC, Fort Collins, for molecular analysis (70) .
On 13 to 15 September 1999, the CDC Encephalitis Project (comprised of centers in California, New York, and Tennessee) held its annual meeting in Albany, NY. Data emerging from both California and New York over an 18-month survey period indicated that an etiological agent was never identified for 70% of all cases of encephalitis despite culture, serology, and molecular analyses. In this context, our group was invited to discuss methods for the identification of unknown pathogens and to consider the application of a new method for amplifying viral nucleic acids, domain-specific differential display (DSDD), to project samples. Sherif Zaki of the CDC in Atlanta, GA, had demonstrated the presence of flavivirus protein in brains of human victims of the New York City outbreak; however, efforts to amplify SLEV or other flaviviral sequences by conventional reverse transcription (RT)-PCR had been unsuccessful. Employing several degenerate primer sets designed to target highly conserved domains in the NS3, NS5, and 3Ј-untranslated regions of flaviviruses by DSDD, we obtained positive results for four of the five New York patients in only a few hours (http://www.health.state.ny.us/press/releases/1999 /nile.htm). Sequence analysis confirmed the presence of a lineage 1 WNV (18, 19) . Concurrently, our colleagues at the CDC in Fort Collins reported WNV-like sequences in cell lines infected with homogenates from New York birds (70) .
In concert, these findings implicated WNV as the cause of the outbreak.
Thereafter, we built real-time PCR assays for the sensitive, high-throughput detection of the virus in clinical materials and mosquito pools. Although analysis of blood samples from infected humans revealed the presence of WNV sequences in late 1999 (17) , the significance of human-tohuman transmission was not appreciated until 2002, when evidence of transmission through organ transplants and blood transfusions led to the adoption of blood screening (30, 31) . An important sequela of the 1999 WNV outbreak was a new impetus to promote the One Medicine/One Health Initiative (http://www.onehealthinitiative.com/index .php). The notion that the health of humans and the health of other animals are linked (i.e., "zoonotic") dates back to antiquity; nonetheless, the belated recognition in the summer of 1999 of the link between disease in humans, wildlife, and domestic animals led to a new emphasis on enhancing communication between the human and veterinary comparative medicine communities.
Novel Enterovirus in Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is a disorder characterized by the progressive loss of motor neurons and muscle atrophy. Although inherited forms have been described, the majority of cases are spontaneous and idiopathic. Treatment is confined to supportive care, and victims typically have a relentless course that culminates in death from respiratory failure within 5 years of diagnosis. In 2000, Berger and colleagues reported the presence of novel echovirus sequences in the spinal cord of 15 of 17 French patients with ALS, versus only 1 of 29 patients with other neurological diseases (10) . The work had practical implications. If confirmed, individuals with ALS might be candidates for treatment with pleconaril, a drug that had recently been shown to have activity against picornaviruses. We undertook a replication study with colleagues at Columbia University and the University of Pittsburgh under the auspices of the NIH. Our experience with BDV, in which problems with PCR hygiene led to spurious links to disease, was invaluable in directing experimental design. Whereas the Berger group had used an RNA template extracted from sections cut on cryostats and analyzed by nested PCR in the same laboratory, we collected frozen tissues from two tissue banks, extracted RNA in an independent laboratory, and performed blinded real-time PCR analyses in yet another laboratory. Analysis of spinal cord and motor cortex from 20 subjects with ALS and 14 controls revealed no echovirus sequences (137) . The performance of this work led to accusations that we were trying to discredit the investigators rather than test a clinically significant finding; its publication required 1 year, chiefly because we had difficulty in finding a journal interested in reporting a "negative study." Our results were subsequently confirmed by Nix et al. (92) .
Dandenong Virus, a New Lymphocytic Choriomeningitis Virus
In December 2006, three patients in Melbourne, Australia, were transplanted with solid organs from a single donor on the 372 LIPKIN MICROBIOL. MOL. BIOL. REV.
same day. The donor was reported to be in good health until he died of a hemorrhagic stroke approximately 10 days after returning to Australia following a 3-month trip through the former territory of Yugoslavia. All three organ recipients died 3 to 4 weeks after transplantation following a clinical course characterized by fever and encephalopathy. Extensive laboratory analyses with bacterial and viral cultures and PCR for a wide range of bacterial and viral pathogens were uninformative. When MassTag PCR and GreeneChip assays of RNA from recipient organs, plasma, and CSF yielded no evidence of infection, the same RNA was subjected to unbiased pyrosequencing on the 454 platform. A total of more than 100,000 nucleotide sequences were obtained. Using bioinformatic algorithms, human sequences were subtracted, and nucleotide and deduced amino acid sequences were compared with genetic databases to identify related microbial sequences (98) . Whereas the S-segment sequence was recognizable at the nucleotide level, footprints of the L segment were detected only at the amino acid level, consistent with a novel lymphocytic choriomeningitis virus. Specific PCR analyses confirmed the presence of the same virus in all recipients. Tissue homogenates from organs with the highest viral RNA titers were used to inoculate cell cultures. Infected cells were used to develop an indirect immunofluorescence assay for serology and to obtain electron micrographs of the agent. In this example of pathogen discovery using unbiased sequencing technology, only 14 of more than 100,000 sequences obtained represented the pathogen; the vast majority represented rRNA.
Measles-Mumps-Rubella Vaccine and Autism
In 1998, Wakefield and colleagues reported intestinal abnormalities, including reactive lymphoid hyperplasia in ileum and chronic inflammation in colon, in children with autism and other developmental disturbances (5-7, 48, 134-136) . These findings, combined with parent-reported associations of the onset of behavioral abnormalities to the timing of measles, mumps, and rubella (MMR) vaccine administration, led some to conclude that the MMR vaccine contributed to the pathogenesis of autism (136) . The model proposed was that by replicating in the intestines, measles virus altered the permeability of the intestinal tract, enabling the trafficking of neuroactive molecules from the lumen to the circulation and, ultimately, to the brain. Although over 25 epidemiological studies found no relationship between the MMR vaccine and autism spectrum disorder (ASD) (64, 96, 129, 133) , the role of the MMR vaccine in ASD pathogenesis remains controversial, continues to influence public perceptions of vaccine safety, and has contributed to vaccine-preventable measles outbreaks in the United States and Europe. In an effort to address the relationship between the MMR vaccine and autism, we tried to replicate the original work with the explicit oversight of an advisory committee comprising representatives from academia, public health institutions, professional medical societies, and autism advocacy groups that crafted and approved the study design. Ileal and cecal samples were obtained from children with autism and gastrointestinal disturbances and from children with gastrointestinal disturbances but without developmental disabilities. All diagnoses were confirmed by using standard diagnostic and research instruments as well as clinical evaluation. Historical data regarding immunization, medication, and child and family health were acquired; additionally, histopathological ratings were obtained. Coded specimens of RNA extracted from bowel were tested in three laboratories (the original laboratory reporting the association, an independent academic laboratory, and a government laboratory with specific expertise in measles diagnostics). Real-time PCR assays were designed to detect RNA corresponding to two regions of the viral genome. One primer set included primers used in the original study reporting the association; the other was newly designed. Sequence analysis was pursued to ensure that products obtained from clinical samples did not represent positive-control transcripts. Discordant results across the three laboratories were resolved through repeat testing using newly coded samples. The first issue that we addressed was the temporal relationship between vaccination, gastrointestinal disease, and autism. Vaccination preceded autism or gastrointestinal disease in approximately 50% of cases. In only 20% of cases did vaccination precede both gastrointestinal disease and autism. Viral RNA was detected in ileal biopsy specimens from only two children: one case and one control. Levels of viral sequence were orders of magnitude lower than those reported by the original study. These results were released simultaneously to all clinical and laboratory investigators and members of the advisory board by an independent biostatistician. Several journals rejected the paper with critiques to the effect that although the science was sound, the notion that the MMR vaccine could cause autism had already been discounted. One journal rejected the paper because it was in litigation relating to the publication of the original findings. It was published coincident with an outbreak of measles in the United States in children not vaccinated due to concerns about vaccine safety.
Streptococci and Novel H1N1 Pathogenicity
When the novel influenza virus strain H1N1pdm (pdm for "pandemic") first appeared in the spring of 2009, the case fatality rate (CFR) was estimated to be 0.6%, similar to that of seasonal influenza. Within a few weeks, however, Argentina reported 3,056 cases with 137 deaths, representing a CFR of 4.5%. Potential explanations for the increased CFR included virus reassortment, genetic drift, or infection of a more vulnerable population. Virus genomic sequencing of samples representing both severe disease and mild disease indicated no evidence of reassortment, mutations associated with resistance to antiviral drugs, or genetic drift that might contribute to virulence. We examined nasopharyngeal swab (NPS) samples from 199 cases of H1N1pdm infection from Argentina with MassTag PCR, testing for 33 additional microbial agents. At least one additional agent of potential pathogenic importance was identified in 152 samples (76%), including Streptococcus pneumoniae (n ϭ 62), Haemophilus influenzae (n ϭ 104), human respiratory syncytial viruses A (n ϭ 11) and B (n ϭ 1), human rhinovirus A (n ϭ 1) and B (n ϭ 4), human coronaviruses 229E (n ϭ 1) and OC43 (n ϭ 2), Klebsiella pneumoniae (n ϭ 2), Acinetobacter baumannii (n ϭ 2), Serratia marcescens (n ϭ 1), Staphylococcus aureus (n ϭ 35), and methicillin-resistant S. aureus (MRSA) (n ϭ 6) (99). The presence of S. pneumoniae was strongly correlated with severe disease. S. pneumoniae was present in 56.4% of severe cases, versus 25% Although the association of S. pneumoniae with morbidity and mortality was established by current and previous influenza pandemics, these findings were the first to demonstrate the prognostic significance of a noninvasive antemortem diagnosis of S. pneumoniae infection and may provide insights into clinical management.
FUTURE PERSPECTIVES
Molecular platforms are rapidly evolving, with enhancements in sensitivity and throughput at a lower cost. Such improvements are facilitating the decentralization of technology such that studies now restricted to a few specialized laboratories will soon be feasible on a global scale. This technology transfer will, in turn, circumvent logistical and political issues relating to specimen transfer that can delay informed responses to outbreaks of acute disease. Multiplex PCR is relatively mature; thus, advances are likely to be incremental. In contrast, microarray technology is less advanced. Predictable near-term improvements include higher-density arrays, automation, microfluidic sample processing, and alternatives to imaging of results, such as the direct measurement of conductance changes associated with hybridization. Data management and bioinformatics will become increasingly important as each of these platforms becomes more complex. This article has not addressed the emerging fields of proteomics and host response profiling, nor has it discussed new platforms for serology. It is conceivable that biomarkers will be found that are specific for classes of infectious agents and/or provide insights that can guide clinical management. Although less advanced, there are efforts to develop high-density serological arrays that offer the promise of a historical perspective of microbial exposures to a wide range of pathogens. There is an increasing appreciation for the fact that individuals can respond differently to infectious agents based on genetic and epigenetic factors, nutritional status, age, exposure history, and simultaneous infections with other microbes. This is particularly true for chronic diseases. Thus, it is anticipated that many substantive advances may come not from technical improvements but from investments in prospective serial sample collections and an appreciation that many diseases reflect intersections of genes and the environment in a temporal context.
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